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© A non-invasive, in-line fluid monitor includes a 
segment of fluid line disposed such that it and the 
fluid within become a part of the dielectric loading 
on an energized electromagnetic sensor device. Per- 
turbations of the dielectric loading on the sensor 
device are monitored to determine certain fluid prop- 
erties, such as pressure, composition, and the pres- 
ence of air. The fluid line segment disposed through 
the electromagnetic sensor may be compliant and 
thus changes in size in response to fluid pressure, 
altering the volume of the fluid line segment in the 
cavity and altering the dielectric loading on the cav- 
ity. In one embodiment, a resonant cavity is used to 
encompass the segment of fluid line and a proces- 
sor is used to compare changes in the resonant 
characteristics of the cavity to predetermined data to 
determine the properties of the fluid. In an alternative 
embodiment, a transmission device such as a delay 
line is utilized as the sensor element, and in another 
embodiment, a microstrip resonator is utilized as the 
sensor element In yet another embodiment incor- 
porating a means of determining the volumetric fluid 
flow rate, the size of air bubbles in the fluid is 
assessed. 
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TECHNICAL FiELD 

The invention relates generally to monitoring 
fluid in a line without direct fluid contact, and more 
particularly, relates an apparatus and method of 
non-intrusively monitoring for changes in fluid prop- 
erties, including the presence of air or other gas, 
and for fluid pressure. 

BACKGROUND OF THE INVENTION 

In numerous medical and industrial applica- 
tions, continuous in-line monitoring of a fluid is 
often necessary to ensure consistency of a process 
or to ensure safety. For example, the pressure of 
fluid in a line may be critical to a process. Addition- 
ally, the presence of air or other gas within a fluid 
or the presence of contaminants within a fluid may 
need to be monitored. Examples of non-medical 
applications for fluid monitoring can be found in the 
chemical process industry, where inexpensive 
and/or disposable fluid conduits may be required, 
where fluids may be present at high pressure, or 
where fluids which are highly caustic or highly toxic 
may be involved. 

In the medicai area, safety and cost are of 
great concern. Reliable and inexpensive in-line fluid 
monitoring without direct fluid contact is especially 
important in the medical area where sterilization 
and disposability of the fluid line are requirements. 
In fluid delivery systems with a positive pressure 
pumping mechanism, a flow path occlusion can be 
detected by monitoring the fluid pressure. When 
flow path disposability is required, fluid pressure is 
generally measured either by means of a dispos- 
able transducer or by means of a non-disposable 
transducer coupled with a disposable membrane or 
other compliant region arranged such that the tran- 
sducer itself is not in direct contact with the fluid. 
Typically, a disposable transducer or specially de- 
signed transducer membrane is more expensive 
than a disposable fluid line alone. In regard to 
considerations of cost, it would be desirable to 
provide a pressure transducer which may be reus- 
ed and disposable fluid lines which work with that 
transducer. 

Air-in-line detection systems are used to pre- 
vent the inadvertent infusion of air into a patient's 
bloodstream. While small bubbles of air may have 
no adverse effect on a patient, large air bubbles 
can cause death. Methods for the in-line detection 
of air typically involve ultrasound or light transmis- 
sion through the fluid line being monitored. The 
transmission characteristics of sound or light may 
be utilized as an indication of the presence of a 
gas bubble in liquid in the fluid line. Simple rec- 
ognizable perturbations of the signals from such 
sensors may be utilized to trigger an alarm and/or 
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halt the infusion. Such systems require that the 
fluid and the associated conduit be substantially 
transparent to the energy being transmitted. How- 
ever, due to their inability to reliably distinguish 

5 between air bubbles of varying sizes, ultrasonic or 
optica! air-in-line detectors sometimes behave er- 
ratically, falsely indicating the presence or absence 
of air bubbles. Typically, such sensors cannot de- 
termine the exact size of air bubbles and are 

w configured merely to indicate the presence of air 
bubbles which are greater than a predetermined 
size. 

Other apparatus capable of detecting impurities 
such as air within a fluid include electrochemical 

rs systems and laser doppler systems. Electrochemi- 
. cal systems can be extremely sensitive to specific 
compositional variations in a fluid, but incorporate 
components, such as membranes, which must be 
in direct contact with the fluid, thus increasing their 

20 costs in applications requiring disposability. Laser 
systems are at present very expensive, and still 
other systems cannot operate over the wide range 
of flow rates and fluid types required in many 
applications. 

25 Hence those concerned with fluid line monitor- 

ing have recognized that it would be beneficial to 
provide an in-line fluid monitoring system and 
method which does not involve direct fluid contact 
with a sensor but which exhibits higher sensitivity 

30 to variations in fluid composition, including the 
presence of air or other gas, and which can provide 
an indication of the size of a gas bubble. In medi- 
cal systems, there is a need for an apparatus and 
method which reliably and accurately detect and 

35 quantify the presence of air or other impurities in 
the line but at the same time are relatively inexpen- 
sive and can function with an inexpensive dispos- 
able fluid line. Additionally, in medical systems, 
there is a need for an apparatus and a method 

40 which can reliably and accurately measure the 
pressure within an inexpensive disposable fluid 
line. The present invention fulfills these needs. 

SUMMARY OF THE INVENTION 

45 

The present invention provides for in-line fluid 
monitoring without direct fluid contact. Detection of 
fluid properties, including the presence of air or 
other gas and the indication of changes in fluid 

so composition, as well as the determination of fluid 
pressure are provided. The fluid monitor in accor- 
dance with the invention includes the use of a 
segment of fluid line disposed such that it be- 
comes a part of the dielectric loading of an elec- 

55 tromagnetic sensing device. The dielectric loading 
is monitored to determine the fluid properties such 
as the composition and pressure of the fluid in the 
fluid line segment. In one embodiment, a resonant 

2 



EP 0 511 651 A2 



electromagnetic sensing device is incorporated into 
an oscillation circuit and the frequency of oscilla- 
tion is monitored. Changes in that frequency are 
used to determine fluid pressure and composition, 
including the presence of air or other gas in the 
fluid. 

In one embodiment, a resonant electromag- 
netic cavity, such as a microwave cavity, is used to 
encompass a compliant segment of the fluid line. 
Because the fluid line is compliant, the volume of 
fluid within the cavity . varies in accordance with 
fluid pressure. The compliant segment and fluid 
therein are used to form a part of the dielectric 
loading of the cavity and this dielectric loading is 
monitored to determine the pressure and composi- 
tion of the fluid. In circumstances where pressure 
measurement is not required, the fluid line segment 
is preferably non-compliant. Circuitry is provided 
which forms an oscillator whose resonant element 
is the cavity itself and thus changes in the dielec- 
tric loading of the cavity produce variations in the 
oscillating frequency. Perturbations of the oscillat- 
ing frequency are monitored and indicate changes 
in fluid pressure and composition. In one embodi- 
ment, the electric field in the cavity is focused on 
the segment of fluid line encompassed by the 
cavity so that, the fluid line accounts for the major 
portion of dielectric loading of the cavity. 

A processor is used to compare changes in the 
oscillating frequency to predetermined parameters 
to determine the changes in the composition and 
pressure of the fluid in the segment of the fluid 
line. A look-up table may be provided in the pro- 
cessor so that certain changes in the oscillating 
frequency may be correlated with fluid composition 
and pressure and such changes indicated to the 
user. For example, an inhomogeneity such as a 
small air bubble presents a markedly different di- 
electric load than surrounding liquid and thus its 
presence in the sensor cavity is accompanied by a 
large shift in the oscillating frequency. 

In one embodiment, volumetric flow data of the 
fluid in the fluid line is furnished. By knowing the 
volumetric flow rate, the size of the air bubbles in 
the fluid line can be assessed. 

Other aspects and advantages of the invention 
will become apparent from the following detailed 
description and the accompanying drawings, illus- 
trating by way of example the features of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an exploded, perspective three- 
dimensional view of a two-port resonant cavity 
having a fluid line traversing it in accordance 
with the principles of the invention and having 
an electric field in a focused region parallel to 



the fluid line; 

FIG. 2 is an assembled, top sectional view of the 
resonant cavity of FIG. 1 with the cover re- 
moved; 

5 FIG. 3 is an assembled, side sectional view of 

the resonant cavity of FIG. 1 taken along lines 3- 
3 of FIG. 2; 

FIG. 4 is a cross-sectional view of a resonant 
cavity having a fluid line traversing it such that 
to an electric field in a focused region is parallel to 
the fluid line; 

FIG. 5 is a diagram of a microstrip resonator 
with a fluid line segment disposed such that it 
forms a part of its dielectric load; 
15 FIG. 6 is a cross-sectiona! view of a modified 

stripline resonator with a fluid line segment dis- 
posed such that it forms a part of its dielectric 
load; 

FIG. 7 is a diagram of a fluid line segment dis- 

20 posed so that it forms a part of the dielectric 
loading of a microstrip delay line; 
FIG. 8 is a block/schematic diagram of an in-line 
fluid monitor system in accordance with the 
principles of the invention; 

25 FIG. 9 is a chart of the output voltage of a 

discriminator versus frequency; 
FIG. 10 is a block diagram of an in-line fluid 
system which includes volumetric flow data of 
the fluid in a fluid line and an in-line fluid moni- 

30 tor coupled to the same fluid line and a common 
processor to determine the size of gas bubbles; 
FIG. 1 1 is a sample graph illustrating the change 
in oscillating frequency due to changes in con- 
centration of fluid constituents; and 

35 FIG. 12 presents another embodiment of an in- 

line fluid monitor system utilizing a dielectric 
resonator oscillator as the signal source. 

DETAILED DESCRIPTION OF THE PREFERRED 
40 EMBODIMENTS 

Referring now to the drawings with more par- 
ticularity, wherein like reference numerals desig- 
nate like or corresponding elements among the 

45 several views, there is shown in FIGS. 1 through 3 

a resonant cavity device 10 having a cavity. 12 f 
formed by five walls 14 which in this embodiment \ 

are formed of an electrically conductive metal such 1. 

as copper or brass. A cover 16 is fitted onto four of 

so the walls 14 to form a sixth wall thereby making 
cavity 12 a closed cavity. 

The cavity device 10 includes a focusing post 
18 placed within the cavity 12 for focusing energy 
imparted to the cavity into a segment of fluid line 

55 20 which is mounted such that it proceeds through 
the cavity device 10 and is proximate to the focus- 
ing post 18. As shown more clearly in FIG. 1, the 
cover 16, two of the sides 14 and the focusing post 
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18 have been formed with indentations so that the 
fluid line 20 can be supported while it proceeds 
through the cavity device 10. These indentations 
effectively form a channel through the cavity device 
10 in which the fluid line segment is disposed. In 
the case where fluid pressure is measured, the 
fluid line is compliant and its expansion or contrac- 
tion must not be hindered due to physical contact 
with either the focusing post 18 or the cavity cover 
16. Also shown in FIGS. 1 though 3 is the use of 
two probes 22 and 24 which are used to feed 
energy to and from the cavity 12. In this embodi- 
ment, the probes are coupling loops supported in 
the cavity 12 by respective cables 26 and 28 or 
supported by other means. 

An alternative resonant cavity embodiment in- 
corporates a cavity constructed of plastic with 
metallized inner surfaces. Another alternative reso- 
nant cavity embodiment incorporates a plastic-filled 
cavity with metallized outer surfaces and a metallic 
focusing post electrically connected to the metal- 
lized outer surface. In these cases, provision must 
be made to accommodate the fluid-filled line to be 
disposed therein as well as the two probes. 

The cavity device 10 forms a resonant cavity 
12 energized by a transmitter probe 22. The re- 
ceiver probe 24 couples energy from the cavity for 
processing as will be described in more detail 
below. Such a cavity will resonate at a frequency 
dependent upon the cavity size, configuration and 
the dielectric properties of the "medium" in the 
cavity 12. In addition, other resonant characteristics 
such as bandwidth and Q as well as the impedance 
of the cavity can be affected by dielectric loading. 
The captured segment of fluid line and fluid therein 
form a part of the cavity medium and changes 
occurring in that fluid line and fluid will affect the 
dielectric properties of the medium. Thus, changes 
in the fluid composition and changes in the volume 
of segment 20 of the fluid line will alter the dielec- 
tric loading and cause a consequent change in the 
resonant characteristics of the cavity 12. By moni- 
toring the cavity's resonant characteristics, certain 
fluid properties can be determined. 

In one embodiment, the transmission probe 22 
imparts a small amount of electromagnetic energy 
(less than one milliwatt) to the cavity at a micro- 
wave frequency; for example 5.0 GHz. Because of 
the transmission probe's geometry, size, location 
and orientation, when energy is introduced into the 
cavity at or near its fundamental resonant frequen- 
cy, the focusing post 18 will cause a localized 
electric field to be produced in the region between 
the top of the post 18 and the cover 16. The 
electric field is focused on the segment of fluid line 
20 and the fluid therein. In this embodiment, the 
cavity structure is such that the fluid line is dis- 
posed perpendicular to the electric field. One pur- 
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pose of the focusing post is to cause the fluid line 
segment 20 to be the major determinant of the 
dielectric loading of the cavity 12. Small changes in 
the fluid line 20 and fluid therein will significantly 

5 affect the dielectric loading of the cavity. Thus, the 
sensitivity of the monitor is increased. 

The cavity 12 acts as a filter in that energy at 
or near particular frequencies, such as the fun- 
damental resonant frequency of the cavity, will be 

70 efficiently imparted to the fluid. The resonant char- 
acteristics of the cavity, which is surrounding the 
fluid line segment filled with a fluid, will remain 
stable as long as the parameters which are respon- 
sible for determining the cavity's resonant char- 

75 acteristics remain constant. However, should the 
dielectric properties of the fluid within the focused 
region of the electric field within the cavity change, 
or the volume of the fluid within the focused region 
of the electric field change, an accompanying 

20 change in resonant characteristics will also occur. 

Although shown as a rectangularly shaped cav- 
ity with coupling loops for feeds, other cavity 
shapes and feed devices maybe used. Those 
shown in FIGS. 1 through 3 are for purposes of 

25 illustration only and depict a cavity structure 
wherein the fluid line 20 is disposed perpendicular 
to the electric field in the focused region. In FIG. 4, 
a cross-sectional view of an alternative resonant 
cavity structure 30 is shown in which the fluid line 

30 20 is disposed parallel to the electric field in the 
focused region. Such a sensor is constructed in a 
manner which allows the fluid line to be properly 
installed; for example, the cavity may be split sym- 
metrically along the axis of the fluid line 20 into two 

35 halves 32 and 34 and a clamping mechanism (not 
shown) provided for electrical contact and mechani- 
cal stability. 

Additionally, although a cavity is shown as the 
dielectrically-loaded electromagnetic filter device 

40 used, other filter devices may be used. For exam- 
ple, in applications where large changes in fluid 
composition or large pressure excursions, such as 
+ 800 to -250 mm mercury, need to be monitored, 
a sensor based on the monitoring of dielectric 

45 loading, but of lower sensitivity than the cavity 
type, can be utilized. 

In another embodiment, instead of using a cav- 
ity resonator with the electromagnetic field en- 
closed, an open planar microstrip or stripline reso- 

so nant structure can be employed. In FIG. 5, there is 
shown a microstrip resonator device 36 with the 
resonant microstrip line element 38 supported by 
the substrate 40, which is backed by the ground 
plane 42. Two microstrip line elements 44 and 46 

55 form the input and output coupling ports. The fluid 
line segment 20 is disposed over the resonant 
element 38 at or near the region of maximum 
electric field and thus forms a part of the dielectric 

4 
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loading of the resonator. When resonating in its 
fundamental resonant mode, for example, the elec- 
tric field that is generated has its maximum am- 
plitude at the center of the resonating element 38. 
Any changes in dielectric loading caused by a 
change in fluid composition, the presence of air or 
other gas, or changes in fluid volume will therefore 
perturb the resonant characteristics in an identifi- 
able manner. 

Although FIG. 5 illustrates an open microstrip 
resonator, a shielded configuration may be used in 
another embodiment. In FIG. 6, a modified stripline 
resonator 48 is illustrated. In this case, a resonant 
stripline element 50 is supported by the lower 
substrate 52, which is backed by a ground plane 
54. Two stripline elements 56 and 58 form the 
input and output coupling ports. The fluid line seg- 
ment 20 is disposed over the resonant element 50 
at or near the region of maximum electric field and 
is sandwiched between the lower substrate 52 and 
the upper substrate 60. The upper substrate 60 is 
backed by a second ground plane 62. The two 
ground planes 54 and 62 together provide greater 
shielding than in a microstrip structure. An appro- 
priate channel must be cut into the upper substrate 
60 to accommodate the fluid line segment. As the 
fluid line 20 is disposed such that it forms a major 
part of the dielectric loading of the resonator, 
changes in the composition and/or pressure of the 
fluid within will perturb the structure's resonant 
characteristics. 

In yet another embodiment, a dielectrically- 
loaded electromagnetic transmission device may 
be employed as the sensing element rather than a 
filter device. In FIG. 7 there is shown a microstrip 
delay device 64 over which is disposed the fluid 
line segment 20. The transmission element 66 is 
supported by the substrate 68 which is backed by 
ground plane 70. The fluid line segment 20 is 
disposed in a manner which allows the electromag- 
netic field created by the energized transmission 
element 66 to encompass a significant portion of 
the fluid line segment. Thus the fluid line segment 
and fluid within form a part of the dielectric loading 
of the delay device. An alternative to the microstrip 
transmission device would be a modified stripline 
transmission device. Although, in these cases, the 
transmission devices do not act as filters, as in the 
cavity embodiment, they do use the dielectric load- 
ing imparted by the fluid line segment and fluid 
therein and may be used to determine changes in 
the fluid composition and/or pressure. 

Each fluid possesses particular dielectric prop- 
erties. When different fluids are mixed together, a 
new fluid is formed that will probably possess 
different dielectric properties from the two separate 
fluids. Moreover, gases, such as air, possess radi- 
cally different dielectric properties than that of liq- 
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uids. Water, for example has a dielectric constant 
approximately eighty times higher than that of air. 
Thus, referring to the resonant cavity embodiment 
of FIGS. 1 through 3, the presence of air bubbles 

5 in a liquid will cause a radical change in the dielec- 
tric loading of the cavity. This change in dielectric 
properties will cause a significant and identifiable 
change in the filtering characteristics of the cavity. 
Referring again to FIGS. 1 through 3, when 

w compliant tubing is used as the section of fluid line 
20, an increase or decrease in fluid pressure will 
cause the tubing to expand or contract accordingly 
and the fluid volume within the cavity at the fo- 
cused region of the resonant cavity will change. 

75 This change in volume causes a change in the 
dielectric loading of the resonant cavity and will 
cause a change in the cavity's filtering characteris- 
tics. By this arrangement, the in-line fluid monitor 
can determine fluid pressure. 

20 A schematic/block diagram of an in-line fluid 

monitor system 72 in accordance with the princi- 
ples of the invention is shown in FIG. 8. The circuit 
72 generally comprises three main functional 
blocks, the sensor oscillator block 74, the discrimi- 

25 nator block 76, and the processing block 78. The 
sensor block 74 contains the resonant cavity 12. 

The sensor oscillator block 74 is used to pro- 
vide a signal representative of the fluid characteris- 
tics (e.g., presence of air or other gas in the line, 

30 changes in fluid composition, pressure), and com- 
prises a sensor delay element 80 connected to the 
sensor output cable 28, a bandwidth-limited am- 
plifier 82 connected the delay element 80, a cou- 
pler 84 which receives the output of the amplifier 

35 82 and directs a portion of the output from the 
amplifier 82 to the input cable 26 of the resonant 
cavity 12. The coupler 84 also directs a portion of 
the output from the amplifier 82 to the discriminator 
circuit 76. Thus, a circuit is formed in sensor os- 

40 cillator block 74 wherein the energy of the amplifier 
is coupled to the resonant cavity 12 via the coupler 
84 and the input cable 26 and coupling loop 22. 
Energy is then coupled through the cavity 12 which 
surrounds a portion of the fluid path 20 and the 

45 fluid. The output coupling loop 24 then couples 
energy from the cavity 12 to the delay element 80 
and to the input of the amplifier 82. The power 
level in the sensor oscillator block 74 is low (less 
than one milliwatt in one embodiment) so that the 

so fluid characteristics can be "interrogated" and the 
fluid not appreciably heated. In the preferred em- 
bodiment, the bandwidth of amplifier 82 is limited 
such that oscillations in the primary (fundamental) 
resonant mode of the cavity are sustained and 

55 oscillations at higher modes are suppressed. 

In order to sustain oscillation, the output of the 
amplifier 82 must supply positive feedback to its 
input. An additional requirement for oscillation is 

5 
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that the gain of the sensor oscillator block 74, the 
"loop gain", must be greater than one, that is, the 
gain in the amplifier must be greater than the sum 
of the losses of the components in the loop. This 
gain is sufficient to initiate stable oscillation quite 
rapidly, on the order of microseconds or less. The 
frequency of the oscillator block is determined pri- 
marily by the resonant characteristics of the cavity 
and the total delay around the loop from amplifier 
output to amplifier input, as well as the gain of the 
loop. Thus, changes in the dielectric loading of the 
cavity due to changes in fluid composition, includ- 
ing the presence of air of other gas, and/or pres- 
sure (volume) within the focused region of the 
cavity will result in a change in oscillation fre- 
quency. 

The discriminator block 76 processes the os- 
cillation signal and includes a signal splitter 86 
which receives a portion of the output from the 
sensor amplifier 82 through the coupler 84 and a 
discriminator input line 88. The discriminator signal 
splitter 86 has an output 90 to a delay element 92 
which is connected to one port of a phase detector 
94, such as the R.F. port of a double-balanced 
mixer, and the discriminator signal splitter also has 
an output 96 which is connected to the L.O. port of 
the double balanced mixer. The output from the 
double balanced mixer 94 (phase detector) is di- 
rected to a low frequency amplifier 98 capable of 
amplifying signals from D.C. to a frequency consis- 
tent with the rate of fluid property changes which 
are being monitored. The amplifier 98 has an out- 
put which is provided to the signal processor block 
78. The discriminator delay element 92 may alter- 
natively be an appropriate phase shifting reactive 
element, and although the mixer/amplifier arrange- 
ment is provided to convert changes in frequency 
of the sensor oscillator block 74 to changes in 
voltage, other types of conversion to a signal suit- 
able for analysis by the signal processor block 78 
may also be used. 

Operation of the frequency discriminator block 
76 can be described by simple mathematical rela- 
tionships. Given that F is the oscillating frequency 
of the cavity 12 in Hertz, and that the delay ele- 
ment 92 provides a delay T in seconds, the output 
of the discriminator is ideally equal to Kcos(2ttFT), 
where K is a gain constant depending on the 
amplitude of oscillation and other circuit details. For 
example, for F = 4.02 GHz and T = 20.1 
nanoseconds, the discriminator output would be 
0.321 K. If the oscillating frequency is perturbed to 
4.025 GHz, the resulting output of the discriminator 
would be 0.81 8K. The delay element 92 is chosen 
such that the discriminator sensitivity is high in the 
frequency region of operation. It was found that 
near frequencies where cos(2ttFT) = 0, the best 
sensitivity exists; poor sensitivity exists near fre- 



quencies where cos(2?rFT) = +1 or -1. In the 
specific case outlined above, good sensitivity exists 
in the range of from 4.0 GHz to 4.025 GHz. FIG. 9 
illustrates the relationship between discriminator 76 

5 output voltage and oscillating frequency, for the 
particular case of T = 20.1 nanoseconds in the 
frequency range of from 4.0 GHz to 4.12 GHz. The 
range 100 represents a high sensitivity discrimina- 
tion frequency sensing range, and the range 102 

io represents a low sensitivity discrimination frequen- 
cy sensing range. 

When normal fluid characteristics exist within 
the resonant cavity, the delay line 92 in the dis- 
criminator block 76 is adjusted so that an output of 

75 zero volts is produced at the output of the mixer 
94. Referring again to FIG. 9, it can be seen that 
this is the steepest part of the discriminator 76 
output, thereby yielding the highest sensitivity. 

Once the change in frequency has been con- 

20 verted to a change in voltage, it is amplified 98. 
The electrical signals supplied by the discriminator 
block 76 of the in-line fluid monitor 72 must be 
processed or analyzed in order to determine and 
quantify important fluid characteristics. Preferably, 

25 this task is implemented by a microprocessor in- 
cluded as part of the signal processor 104. As a 
great many instruments currently produced incor- 
porate a microprocessor, the signal processing re- 
quirement of this in-line fluid monitor do not repre- 

30 sent a large cost. In industry and in hospital fluid 
delivery, microprocessors perform many computa- 
tional and control tasks, including communications 
with the operator of the instrument, allowing the 
operator to intelligently interact with the instrument 

35 in setting desired parameters and limits. Addition- 
ally, the microprocessor can easily perform the 
calculations necessary for "closed loop control", 
where a desired pressure can be maintained by 
controlling a pumping mechanism. 

40 In the preferred embodiment, the signal pro- 

cessor 104 receives the electrical output signal 
from the discriminator block 76, which represents 
the oscillating frequency of the resonant cavity 12. 
The microprocessor can make determinations 

45 based on changes to the oscillating frequency. The 
existence of a small amount of air in the fluid line 
segment can be determined by comparing the fre- 
quency change to parameters that are either fixed, 
or "entered in" by the operator of a system which 

50 utilizes the in-line fluid monitor. The signal proces- 
sor 104 includes conventional circuitry and pro- 
gramming for comparing the discriminator output 
voltage signal with a reference value and for deter- 
mining the magnitude of perturbation of the os- 

55 cillating frequency. The signal processor 104 is 
also preferably constituted so as to provide an 
output signal either to a display and/or printer unit 
106, such as a display monitor for viewing a real 
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time graph of waveforms of the perturbation of 
oscillations in the resonant cavity 12, and the signal 
processor may be adapted to simultaneously gen- 
erate a signal to an alarm device 108, for indicating 
, an alarm condition when the magnitude of per- 
turbation is greater than a predetermined threshold 
value. The alarm device 108 may aurally indicate 
an alarm and may also be coupled to the pump 
controller to automatically stop pump operation. 

Referring now to FIG. 10, a volumetric flow rate 
data source 110 provides data representative of the 
volumetric flow rate of the fluid in the fluid line 20 
to the signal processor 104. The in-line fluid moni- 
tor 112 is also coupled to the signal processor 104 
for providing fluid property data as described 
above. By knowing the volumetric flow rate of the 
fluid, the size of detected bubbles can be as- 
sessed. This feature can provide important informa- 
tion in a medical infusion and permits the operator 
to monitor the infusion process more accurately. 
This is important in sensitive applications such as 
infusing fluid to a neonate where even small air 
bubbles can be fatal. In one embodiment, the volu- 
metric flow rate data is provided by the electronic 
control system which operates a precision fluid 
pumping mechanism. In another embodiment, a 
flow meter may be provided to provide the flow 
data, such as that disclosed in U.S. Patent 
4,938,079 to Goldberg. 

Because changes in the dielectric loading can 
be detected, changes in fluid composition can be 
detected. Varying concentrations can also be de- 
tected as is illustrated in FIG. 1 1 , where varying 
concentrations of both sodium chloride 114 and 
dextrose 116 in water produce a change in fre- 
quency. Although not shown, radical changes in 
frequency accompany the presence of a gas in the 
liquid. 

Another feature of the system is the ability to 
detect impurities, or contaminants other than air, 
such as blood. As an impurity passes through the 
sensor, the filtering characteristics of the cavity 
change. Blood has a notably different dielectric 
character than most common infusates, such as 
sodium chloride solution, so that if blood were to 
back up into the administration set, its presence 
could be detected by observing the perturbation of 
the oscillation frequency. In addition, if two or more 
different fluids were to be infused successively 
through the same line, the sensor could detect the 
perturbation of the cavity loading, assuming the 
fluids have different dielectric characters, in order 
to verify that the changeover between fluid types 
was successful. 

In actual practice, the change in dielectric load- 
ing caused by the presence of air in the line is so 
great, that a system of the type shown in Fig. 8 
may cease to oscillate while a large amount of air 
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is within the sensing region of the cavity. The 
range of possible oscillation frequencies at which 
the system can oscillate depends largely on the 
bandwidth of the amplifier 82. This bandwidth must 
• 5 be chosen such that oscillation is supported when- 
ever a bubble of a size which the user needs 
quantified passes through the cavity. For bubbles 
that are so large that oscillations cease, the signal 
processor 104 will preferably initiate an alarm 108. 

io Depending on the size of the bubble, frequency 
shifts from 0.1 MHz to 400 MHz have been ob- 
served in practice. 

When a polyurethane tubing of 0.105" (2.67 
mm) inner diameter and 0.145" (3.68 mm) outer 

75 diameter is utilized, pressure change of the order 
of ±300 mm mercury (4.0 X 10 4 Pa), for example, 
causes oscillating frequency changes in the range 
of ±3 MHz. This frequency shift is generally less 
than that caused by the passage of an air bubble 

20 of significant size. Pressure change can also be 
distinguished from air bubble passage because the 
frequency changes due to pressure change are far 
less abrupt than those caused by air bubble pas- 
sage. Although frequency shifts due to fluid com- 

25 positional changes overlap the range of frequency 
shifts caused by pressure change, those caused by 
compositional variations are generally not transient 
in nature. When a fluid type changeover takes 

— place, for example, the signal processor 104 is 

30 programmed to expect a frequency change which 
is sustained for the duration of the infusion or until 
a subsequent changeover takes place, rather than 
a transient change as may take place when the 
pressure varies. 

35 Another embodiment of an in-line fluid monitor 

system 1 18 in accordance with the principles of the 
invention is illustrated in a schematic/block diagram 
of FIG. 12. A stable frequency source 120, such as 
a dielectric resonator oscillator (D.R.O.) is used, 

40 and is shown driving an amplifier 122 the output of 
which produces sufficient power for sensor opera- 
tion, for example 10 dBm. The power from the 
amplifier is then fed through a quarter-wavelength 
directional coupler, such as a microstrip coupler 

45 135, to the input port 137 of a microstrip resonator 
36, which may be similar to that described above 
in relation to FIG. 5. The fluid line 20 and fluid 
therein are positioned to dielectrically load the res- 
onator 36. The output port 129 of the resonator 36 

so is coupled to a signal return through a load 130, 
which is shown as a fifty ohm resistor in this case. 

The directional coupler 135 is arranged such 
that it is responsive to the reflected power from the 
input port 137 of the microstrip resonator 36. Prop- 

55 er termination, shown to be a fifty ohm resistor 139 
in this case, is provided at the terminated port 143 
of the directional coupler 135, and the reflected 
power from the resonator 36 is monitored with a 
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detector, such as a diode detector 132 at the 
reflected power port 141 of the coupler 135. The 
diode detector 132 may be thought of as a first 
processor and the signal developed by the detector 
132 is amplified 134 and coupled to the signal 
processor 104. In the embodiment of FIG. 12, the 
amplitude of the reflected power at port 141 is 
affected by the dielectric loading on the resonator 
36. Changes in that dielectric loading caused by 
fluid property changes will be detected by detector 
132 and provided to the processor 104. The ar- 
rangement of FIG. 12 may incorporate a rigid fluid 
line segment 20 over the resonator 36 and can be 
used to determine the existence of an air bubble in 
the fluid line. 

From the foregoing, it will be appreciated that 
the in-line fluid monitor system and method in 
accordance with the principles of the invention pro- 
vides a simple, cost effective, and accurate way of 
detecting fluid properties and pressure. The fluid 
line may be disposable while the monitor system 
can be reused. 

Although specific embodiments of the invention 
have been described and illustrated it is clear that 
the invention is susceptible to numerous modifica- 
tions and embodiments within the ability of those 
skilled in the art, and without the exercise of inven- 
tive faculty. Thus, it should be understood that 
various changes in form, detail and application of 
the present invention may be made without depart- 
ing from the spirit and scope of the invention. 

Claims 

1. An apparatus for monitoring fluid in a fluid line, 
the apparatus comprising: 

a dielectrically loaded electromagnetic 
sensing device coupled to a segment of the 
fluid line such that the segment and fluid there- 
in provide dielectric loading on the sensing 
device, the sensing device providing a sensor 
signal representative of the dielectric loading; 

a processor means which receives the 
sensor signal from the sensing device, gen- 
erates a loading signal representative of the 
dielectric loading, compares the loading signal 
to predetermined data representative of a fluid 
property, and provides a fluid property signal 
representative of the comparison. 

2. The apparatus of Claim 1 wherein: 

the fluid line segment is compliant so that 
the size of the segment changes in response 
to changes in pressure of the fluid thereby 
causing changes in the dielectric loading of the 
sensing device; 

the predetermined data comprises data re- 
presentative of fluid pressure; and 



the processor means compares the load- 
ing signal to the predetermined fluid pressure 
data and provides a signal representative of 
the pressure of the fluid. 

5 

3. The apparatus of any of the preceding claims 
wherein: 

the predetermined data comprises data re- 
presentative of a gas in the fluid; and 
io the processor means compares the load- 

ing signal to the predetermined gas data and 
provides a signal indicating the presence of 
the gas. 

75 4. The apparatus of any of the preceding claims 
wherein: 

the apparatus further comprises a flow 
data source which provides a flow signal repre- 
sentative of the volumetric flow rate of the fluid 

20 in the fluid line; and 

the processor means compares the load- 
ing signal to the predetermined gas data to 
detect the presence of the gas and upon de- 
tecting the gas, determines the time period 

25 that the sensing device detects the gas and 

processes the detection time period with the 
flow signal and provides a signal indicative of 
the size of the gas bubble. 

30 5. The apparatus of any of the preceding claims 
wherein: 

the sensing device comprises a resonant 
device, a resonant characteristic of which var- 
ies in response to the dielectric loading; 
35 the compliant segment is disposed to pro- 

vide dielectric loading to the resonant device; 

the sensor signal is responsive to the reso- 
nant characteristic; and 

the processor means generates the load- 
40 ing signal in response to the resonant char- 

acteristic. 

6. The apparatus of any of the preceding claims 
wherein the sensing device comprises a reso- 

45 nant cavity having an electric field and a focus- 

ing post which focuses the electric field onto 
the compliant segment of fluid line such that 
the segment provides a substantial part of the 
dielectric loading of the sensing device. 

50 

7. The apparatus of any of the preceding claims 
wherein: 

the sensing device comprises a microstrip 
resonator; 

55 the fluid line segment is disposed to pro- 

vide dielectric loading to the microstrip resona- 
tor; and 

the sensor signal represents the dielectric 



8 



4 



15 



EP 0 511 651 A2 



16 



loading of the microstrip resonator. 

8. The apparatus of any of the preceding claims 
wherein: 

the sensing device comprises a stripline 5 
resonator; 

the fluid line segment is disposed to pro- 
vide dielectric loading to the stripline resona- 
tor; and 

the sensor signal represents the dielectric w 
loading of the stripline resonator. 

9. The apparatus of any of the preceding claims 
wherein the sensing device comprises an elec- 
tric field and the fluid line segment is oriented is 
such that its longitudinal axis is perpendicular 

to the electric field. 

10. The apparatus of any of the preceding claims 
wherein the sensing device comprises an elec- 20 
trie field and the fluid line segment is oriented 
such that its longitudinal axis is parallel to the 
electric field. 

11. The apparatus of any of the preceding claims 25 
wherein: 

the sensing device comprises a transmis- 
sion device, the delay through which varies in 
response to the dielectric loading; 

the compliant segment is disposed to pro- 30 
vide dielectric loading to the transmission de- 
vice; 

the sensor signal is responsive to the de- 
lay through the transmission device; and 

the processor means generates the load- 35 
ing signal in response to the delay. 

12. The apparatus of any of the preceding claims 
wherein: 

the predetermined data comprises data re- 40 
presenting a solute in the fluid; and 

the processor means compares the load- 
ing signal to the predetermined solute data and 
provides a signal representative of the con- 
centration of the solute in the fluid. 45 

13. An apparatus for monitoring fluid in a fluid line, 
the apparatus comprising: 

a dielectrically loaded resonant electro- 
magnetic sensing device coupled to a segment 50 
of the fluid line such that the segment and fluid 
therein form part of the dielectric loading on 
the sensing device, the sensing device provid- 
ing a sensor signal representative of the di- 
electric loading, a flow data source which pro- 55 
vides a flow signal representative of the volu- 
metric flow rate of the fluid in the fluid line; 

a processor means which receives the 
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sensor signal from the sensing device, gen- 
erates a loading signal representative of the 
dielectric loading; 

compares the loading signal to predeter- 
mined gas data representative of a gas in the 
fluid to detect the presence of the gas and 
upon detecting the gas, determines the time 
period that the sensing device detected the 
gas and processes the detection time period 
with the flow signal and provides a signal indi- 
cative of the size of the gas bubble. 

14. The apparatus of Claim 13 wherein: 

the resonant device comprises a microstrip 
resonator; 

the fluid line segment is disposed to pro- 
vide dielectric loading to the microstrip resona- 
tor; and 

the sensor signal represents the dielectric 
loading of the microstrip resonator. 

15. An apparatus for monitoring fluid in a fluid line, 
the apparatus comprising: 

a dielectrically loaded electromagnetic 
sensing device having a planar structure and 
coupled to a segment of the fluid line such that 
the segment and fluid therein provide dielectric 
loading on the sensing device, the sensing 
device provides a sensor signal representative 
of the dielectric loading; 

a processor means which receives the 
sensor signal from the sensing device, gen- 
erates a loading signal representative of the 
dielectric loading; compares the loading signal 
to predetermined gas data representative of a 
gas in the fluid to detect the presence of the 
gas and provides a signal indicative of the gas 
detection. 

16. The apparatus of Claim 15 wherein: 

the planar sensing device comprises a 
microstrip resonator; 

the segment is disposed to provide dielec- 
tric loading to the microstrip resonator; and 

the sensor signal represents the dielectric 
loading of the microstrip resonator. 

17. A method of monitoring fluid in a fluid line, 
comprising the steps of: 

disposing a segment of the fluid line such 
that it and the fluid therein provide dielectric 
loading on a sensing device; 

sensing the dielectric loading of the sens- 
ing device; 

providing a loading signal which is repre- 
sentative of the sensed dielectric loading of the 
sensing device; 

comparing the loading signal to predeter- 
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mined data which is representative of a prop- 
erty of the fluid; and 

providing a signal representative of the 
results of the comparison. 

18. The method of Claim 17 further comprising the 
steps of: 

forming the segment of the fluid line from 
a compliant material which changes in size in 
response to changes in pressure of the fluid 
thereby causing changes in the dielectric load- 
ing of the sensing device in response to fluid 
pressure changes; 

comparing the loading signal to predeter- 
mined pressure data which is representative of 
fluid pressure; and 

providing a signal indicating the pressure 
of the fluid in the fluid line in response to the 
pressure data comparison. 

19. The method of any of Claims 17 and 18 further 
comprising the steps of: 

sensing the volumetric flow rate of the fluid 
in the fluid line and providing a flow signal 
representative of the rate; and 

comparing the loading signal to the pre- 
determined gas data to detect the presence of 
the gas and upon detecting the gas, process- 
ing the time period that the gas is detected 
with the flow signal and providing a signal 
indicative of the size of the gas bubble passing 
through the fluid line in response to said com- 
parison. 

20. A method of monitoring fluid in a fluid line, 
comprising the steps of: 

disposing a segment of the fluid line such 
that it and the fluid therein provide dielectric 
loading on a resonant electromagnetic sensing 
device, a resonant characteristic of which var- 
ies in response to the dielectric loading; 

sensing the resonant characteristic of the 
sensing device; 

providing a loading signal which is repre- 
sentative of the sensed resonant characteristic 
of the sensing device; 

sensing the volumetric flow rate of the fluid 
in the fluid line and providing a flow signal 
representative of the rate; and 

comparing the loading signal to predeter- 
mined gas data which is representative of a 
gas in the fluid, to detect the presence of the 
gas and upon detecting the gas, processing 
the time period that the gas is detected with 
the flow signal and providing a signal indicative 
of the size of the gas bubble passing through 
the fluid line in response to the comparison. 



21. The method of Claim 20 further comprising the 
steps of: 

providing a microstrip resonator as the res- 
onant device; 

s disposing the fluid line segment to provide 

dielectric loading to the microstrip resonator; 

monitoring a resonant characteristic of the 
microstrip resonator; and 

providing the loading signal in response to 
70 the resonant characteristic. 
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FIG. I 
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FIG. 3 
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@ A non-invasive, in-line fluid monitor includes a 
segment of fluid line disposed such that it and the 
fluid within become a part of the dielectric loading 
on an energized electromagnetic sensor device. Per- 
turbations of the dielectric loading on the sensor 
device are monitored to determine certain fluid prop- 
erties, such as pressure, composition, and the pres- 
ence of air. The fluid line segment disposed through 
the electromagnetic sensor may be compliant and 
thus changes in size in response to fluid pressure, 
altering the volume of the fluid line segment in the 
cavity and altering the dielectric loading on the cav- 
ity. In one embodiment, a resonant cavity is used to 
encompass the segment of fluid line and a proces- 
sor is used to compare changes in the resonant 
characteristics of the cavity to predetermined data to 
determine the properties of the fluid. In an alternative 
embodiment, a transmission device such as a delay 
line is utilized as the sensor element, and in another 
embodiment, a microstrip resonator is utilized as the 
sensor element. In yet another embodiment incor- 



porating a means of determining the volumetric fluid 
flow rate, the size of air bubbles in the fluid is 
assessed. 
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